8 Li(n,γ) 9 Li were calculated in the framework of a potential model.
ization coefficient" that can be related to the capture cross section. The ANC is obtained from peripheral transfer reactions whose amplitudes contain the same overlap function as the amplitude of the corresponding capture reaction of interest [11] and therefore can be used to normalize the non-resonant part of the capture reaction. The method is based on the assumption that capture reactions at stellar energies usually proceed through the tail of the nuclear overlap function. The amplitude of the radiative capture cross section is then dominated by contributions from large relative distances of the participating nuclei.
However, it has been shown that s-wave neutron capture, even at rather low energies, is not peripheral [12, 13] and so it is necessary to use a potential model to calculate the wave function of the incoming neutron in this case. This indirect aproach, based on the potential model, has been recently applied in the analysis of the 16 [14] .
Early measurements of neutron transfer reactions induced by stable lithium isotopes on a 9 Be target ( 9 Be( 7 Li, 6 Li) 10 Be [15] and 9 Be( 6 Li, 7 Li) 8 Be [16] ) have shown that these reactions are good tools to obtain spectroscopic information. In this paper, we report on the measurement and analysis of angular distributions for two neutron-transfer reactions induced by a radioactive 8 Li beam: 9 Be( 8 Li, 9 Li) 8 Be and 9 Be( 8 Li, 7 Li) 10 Be. From a FR-DWBA analysis of these angular distributions, the spectroscopic factors for the 7 Li gs ⊗n= 8 Li gs and 8 Li gs ⊗n= 9 Li gs bound systems were extracted, and cross sections and nucleosynthesis reac-beam contaminants ( 4 He, 6 He and 7 Li) with the same magnetic rigidity as 8 Li were also present but did not produce reaction products with mass A=8 or A=9 in the same range of energy as the particles from the neutron transfer reactions of interest.
The scattered 8 Li particles and 7 Li and 9 Li reaction products were detected by an array of ∆E-E Si telescopes. The measurements were performed with two setups, where a combination of the 3 telescopes covered the range of laboratory angles from 15-40 degrees.
An overlap of angles in these setups was useful for normalization purposes. The telescopes consisted of 20-25 µm Si ∆E detectors backed by 300 µm thick Si E detectors. The detector telescopes had circular apertures which subtended a solid angle of 4 msr for the most forward-angle measurements and 8-15 msr for the backward angles. A collimator placed in front of the first solenoid limited the angular acceptance of the particles produced in the primary target to the range of 2.5 0 − 6.0 0 . This introduces an angular divergence in the secondary beam of about ±3 0 . Since the angular aperture of the collimators in front of the detectors was also about ±3 0 , the average detection angle were determined by a Monte Carlo simulation, which took into account the collimator size in front of the detectors, the secondary beam spot size on the secondary target (4mm), the secondary beam divergence and the angular distribution in the range of the detector aperture (Rutherford on gold and calculated in an iterative way for the 9 Be target).
The simultaneous measurement of the transfer products and elastic scattering was very useful to check the consistency of the overall normalization and to select an optimal set of optical-model potential parameters. The latter are very important in the FR-DWBA transfer calculations. During the experiment 8 Li elastic scattering on a gold target, which was pure Rutherford, was also measured to obtain the absolute normalization of the data.
III. DATA ANALYSIS
Reaction products were identified using a two dimensional [C(Z, M) × E total ] plot. The particle identification constant, C(Z, M), is given by:
, where E total = ∆E + E residual and b = 1.70 for these light particles. This constant appears as straight lines as a function of the energy for each Z and M particle in the two dimensional spectrum [C(Z, M) × E total ]. A typical particle identification spectrum is shown in Fig. 1 for the lithium and helium isotope region. In this plot the 8 Li scattered beam particles and the 9 Li and 7 Li reaction products are shown and could be easily identified.
A. Elastic scattering
The 8 Li energy spectra were obtained by selecting and projecting the 8 Li region in the is shown in Fig. 2 . The data were analyzed with the optical model (OM) using volume-type Woods-Saxon nuclear potentials and Coulomb potentials due to uniform charged spheres.
The optical parameters used to describe the 9 Be( 8 Li, 8 Li) elastic scattering are from Refs.
[15] and [19] and they are listed in Table I . The results of the OM calculations using these potential parameters can be seen in Fig. 2 . The OM calculations show more oscillations than the elastic scattering data. In the Fig. 2-b we show the calculated angular distributions smeared by the range of the angular aperture and beam angular dispersion (∆Θ=10 deg.
in the C.M.). As one can see, the comparison with the data is improved by smearing the calculated angular distributions. The curve indicated as the SP-Potential corresponds to OM calculations using the Sao Paulo Potential [20] , which is a double-folding potential with energy dependence and non-locality correction. Including a spin-orbit term, V SO = 7.0
MeV, in the optical potential did not change the results. Although there was no attempt to adjust the parameters to fit the data, the calculations with all of these potentials give a good description of the elastic scattering data. The SP-Potential also reproduces quite well the absolute normalization, which is of some interest considering that this folding-model potential has no free parameters. 10 Be gs reaction is shown in Fig. 3 . As can be seen, the differential cross sections for this transfer process are not very large (less than 1 mb/sr) which made the measurements quite difficult at the backward angles due to the limited secondary beam intensity.
Finite-range distorted-wave Born approximation (FR-DWBA) calculations for the 9 Be( 8 Li, 7 Li) neutron transfer reaction have been performed using the code FRESCO [1] .
For each FR-DWBA calculation, the same optical-model potential parameters (Table-I) were used for both entrance ( 8 Li+ 9 Be) and exit ( 7 Li+ 10 Be) channels. The bound-state wave functions were generated with Woods-Saxon potentials and geometric parameters r = 1.25 fm and a = 0.65 fm, with the depths of the potentials adjusted to give the correct separation energies. In the present ( 8 Li, 7 Li) DWBA calculation the neutron is considered to be transfered from the p 3/2 orbital in 8 Li gs (J π = 2 + ) to the p 3/2 orbital in 10 Be gs (J π = 0 + ),
− . There is a possibility of a contribution from the p 1/2 admixture in the 8 Li ground-state but according to a spectroscopic factor calculation by
Cohen and Kurath this contribution is about 5% and it was not considered in the transfer reaction DWBA calculation. One-nucleon transfer reactions provide a spectroscopic factor for one vertex if that of the other vertex is known. In the FR-DWBA calculation for the
10 Be neutron transfer reaction, the spectroscopic factor for the 9 Be gs ⊗n= 10 Be gs system was taken to be S10 Be =2.23±0.13, which is the average of values from two (d,p) studies [21, 22] (see Table-II) . By normalizing the calculation to the experimental data, a spectroscopic factor of S8 Li (g.s.)=1.03 ± 0.15 was obtained for the 7 Li gs ⊗n= 8 Li gs vertex. This value is compatible with the Cohen and Kurath shell model calculations [23] (see Table- 9 Li in its ground state. These correspond to neutron transfer to either a 1p 1/2 or 1p 3/2 orbit in 9 Li. Here only transfer to the 1p 3/2 orbit is considered because the contribution of the 1p 1/2 orbit has been found to be less than 5% [24] . Finite-range distorted-wave Born approximation (FR-DWBA) calculations for the 9 Be( 8 Li, 9 Li) neutron transfer reaction have been performed using also the code FRESCO [1] . For each FR-DWBA calculation, the same optical-model potential parameters (Table-I) were used for both entrance ( 8 Li+ 9 Be) and exit ( 9 Li+ 8 Be) channels. The bound-state wave functions were generated with Woods-Saxon potentials and geometric parameters r = 1.25 fm and a = 0.65 fm, with the depths of the potentials adjusted to give the correct separation energies. To obtain the spectroscopic factor for the 8 Li gs ⊗n= 9 Li gs vertex, the spectroscopic factor for 8 Be gs ⊗n= 9 Be gs must be known.
A value of S9 Be = 0.44(7) was used for this vertex, which is the average of spectroscopic factors from two (d,t) reactions [21] , [26] . This is somewhat smaller than the Cohen-Kurath prediction (see Table-II) . Normalizing the FR-DWBA calculation to the experimental data, a spectroscopic factor of S9 Li = 0.62 ± 0.13 was obtained for the 8 Li gs ⊗n= 9 Li gs bound system. The results of the FR-DWBA calculations with different sets of parameters are shown in Fig. 4 . As one can see, the calculations agree extremely well with the data at forward angles. The uncertainty in the spectroscopic factor is estimated to be about 20%
due to the uncertainties in the experimental data at forward angles and in the spectroscopic factor for the 8 Be gs ⊗n= 9 Be gs vertex.
The spectroscopic factor obtained for the 8 Li gs ⊗n= 9 Li gs system in the present analysis is compared with other experimental values and shell model calculations in Table- II. Our result agrees very well with the value from the shell model calculation of Ref. [5] and with the experimental value obtained from a (d,p) reaction at lower energy [25] , but is lower than the values obtained from a recent calculation using Cohen and Kurath wave functions [27] and from a (d,p) reaction study at higher energy [28] . 2 ) fm), is the calculation sensitive to the radius cut, as observed in the change of the trend in the curve for R cut =5.0 fm as compared with the other curves in Fig. 5 .
IV. RADIATIVE NEUTRON CAPTURE REACTIONS
To calculate the 7 Li(n,γ) 8 Li and 8 Li(n,γ) 9 Li radiative capture reaction cross sections, the computer code RADCAP [29] , based on a potential model, was used. In the potential-model framework, the direct neutron radiative capture by a nucleus b going to a composite nucleus c via a transition with E1 electric dipole character is given by:
where k γ = ǫ γ /hc is the wave number corresponding to a γ-ray energy ǫ γ . The term Q E1 is the E1 transition matrix element given by:
where O E1 stands for the electric dipole operator and the initial-state wave function ψ scat is the incoming neutron wave function scattered by the neutron-nucleus potential. Here the effective charge for the neutrons used in the eletric dipole operator is given by e ef f = −eZ/A, where A is the mass of the compound nucleus. The wave functions necessary in the potential model are obtained by solving the scattering and bound-state systems, respectively, for a given potential. Thus, the essential ingredients of the model are the potentials used to generate the wave functions ψ scat and I bound , and the normalization for the latter which is given by the spectroscopic factor.
A. The 7 Li(n,γ) 8 Li capture reaction
The direct radiative capture (DRC) of a s-or d-wave neutron by 7 Li, leaving the tively. These potentials were obtained by Nagai et al. [13] by adjusting the well depths to reproduce the experimental n+ 7 Li scattering lengths (a + = −3.63 and a − = +0.87) of the two channel-spin components. To calculate the cross sections for the 7 Li(n,γ) 8 Fig. 6 with the experimental data from Refs.
[13], [38] , [39] , [40] and [41] . The s-wave direct neutron capture contribution is the dominant process, and the contribution from the d-wave neutron is found to be negligible (less than 0.5 percent) at these low energies. The upper solid curve in Fig. 6 the two different couplings of the entrance channel spin were crucial in the calculation to correctly describe the known data. As can be seen, this produces a better agreement of the calculation with the low-energy data. Once we have verified that the procedure to obtain the parameters used in the potential model calculation reproduced the experimentally known cross section for the 7 Li(n,γ) 8 Li capture reaction, we now extend this procedure to calculate the cross section for the 8 Li(n,γ) 9 Li gs capture reaction.
B. The 8 Li(n,γ) 9 Li capture reaction
As mentioned above, the radiative neutron capture cross section for the 8 Li(n,γ) 9 Li gs reaction cannot be obtained from a direct measurement. We here use the same prescription, based on a potential model, that was followed to calculated the cross section for the 7 Li(n,γ) 8 Li reaction. The capture cross sections were calculated assuming that the 8 Li(n,γ) 9 Li gs reaction proceeds by direct E1 capture of an s-wave neutron by 8 it can be considered a more stable quantity as a function of the masses of the interacting nuclei [25, 42, 43] . Thus, by scaling the real depth of the two entrance-channel spin components, s = 1 and s = 2, from the known n- In order to compare our results for the 8 Li(n,γ) 9 Li gs capture reaction with other measurements and calculations, we have computed the nucleosynthesis reaction rate. The expression for the reaction rate for E1 capture in cm 3 mol −1 s −1 is given by [30] :
where
peratures higher than T 9 = 0.5, in the present calculation only the direct capture to 9 Li at the ground-state is considered.
At energies up to 1 MeV, the capture reaction is completely dominated by s-wave neutrons. The contribution of the d-wave neutron to the reaction rate is estimated to be less than 0.5% at these energies and it becomes important only at high energies. Assuming a distorted wave from the potentials that have the same volume integral per nucleon as for the n+ 7 Li system, the reaction rate for the 8 Li(n,γ) 9 Li gs capture reaction was deduced to be N A < σv >= (3.17 ± 0.70) × 10 3 cm 3 mol −1 s −1 , where the uncertainty is from the uncertainty in the spectroscopic factor used in the calculation (20%) and from the variation of ±1 MeV in the potentials used to determined the distorted wave (10%). As suggested by Mengoni, et al. [12] , a different assumption would be to use the same potential for the incoming channel as that for the bound state. With this assumption for the n- 8 Li potential, the reaction rate is determined to be N A < σv >= (3.23 ± 0.71) × 10 3 cm 3 mol −1 s −1 . The average value adopted here is:
In Fig.  8 , this value is compared with theoretical calculations reported in Refs.
[ 31, 32, 33, 34, 35, 36] and experimental estimations from Refs. [37] , [10] and [25] . Our result is comparable to the most recent theoretical calculations [33, 34, 35, 36] and is in good agreement with the value from a recent (d,p) experiment [25] . The small difference obtained in the reaction rate between these two experiments can be attributed in part to the different approaches used in the calculation of the neutron scattering potential. Both results are significantly higher than the upper limit obtained in the most recent Coulomb dissociation experiment by Kobayashi,et al. [10] .
A 1/v behavior of the capture cross section as a function of relative energy is expected for s-wave neutron capture at low energies. However, as can be seen in , where E n is the neutron energy in MeV and σ(n, γ) is given in µb. The corresponding reaction rate integrated over the range up to 1.2 MeV (which would be in this case energy independent) is:
which is in agreement with the value obtained directly from the potential model and also much higher than the upper limit obtained by Kobayashi et al. [10] .
V. SUMMARY
We have measured the angular distributions for the elastic scattering of 8 Table I . Table I ), as discussed in the text. Refs. [13] and [38, 39, 40, 41] . The curve labeled (a) is the sum of channel-spin s = 1 and s = 2 contributions for the neutron capture reaction to the first excited state of 8 Li, while curve (b) is the sum of the channel-spin s = 1 and s = 2 contributions for the 8 Li ground-state. The thin solid line is the sum of these two contributions using the spectroscopic factor S8 Li (g.s.)=0.87. The thick solid line is the same calculation but considering the spectroscopic factor S8 Li (g.s.)=1.03 (15) obtained from the present work. The uppermost curve (dashed line) corresponds to a 1/v fit to the low-energy cross sections. experimental estimations from Refs. [37] , [10] and [25] .
